Growth morphology in Co/Cu/Co ®lms deposited on stepped Cu(0 0 1) is investigated by re¯ection high energy electron diraction (RHEED) and magneto optical Kerr eect. The interlayer Cu ®lm thickness is varied from fractions of a monolayer to several monolayers in order to determine the in¯uence of Cu island nucleation on subsequent Co growth. From the analysis of the oscillations in RHEED intensity and in the uniaxial step anisotropy a growth model is proposed which extends earlier scanning tunneling microscopy observations. The dierent role of Co atoms at island edges as compared to those at pre existing steps is elucidated.
Introduction
Structural aspects of ultrathin ®lms can have a strong in¯uence on magnetic properties. A typical example is Fe/Cu(0 0 1), which goes through a wealth of dierent magnetic phases depending on the small tetragonal deviations from the perfect fcc lattice [1] . In addition to lattice distortions, growth morphology also strongly aects magnetism. In the Fe/W(1 1 0) system, for instance, it has been shown that a change in growth mode from dendritic islands to step-¯ow growth leads to a dramatic change of long-range magnetic order [2] . A further model system exhibiting several of these growth aspects is fcc Co grown on Cu(0 0 1). Almost perfect layer-by-layer growth [3] is preceded by intermixing at the very ®rst stages of growth [4] .
In this system, growth morphology has been related to magnetic anisotropy by growing Co ®lms on top of stepped Cu(0 0 1) surfaces. It has been shown that the uniaxial magnetic anisotropy oscillates with Co ®lm thickness with monolayer periodicity [5] . This experimental observation has been interpreted to result from the morphology of the growing ®lm, oscillating between``¯at'' and`r ough'' for a ®lled to a half-®lled monolayer. In a sense, the quantity measured is analogous to a re¯ection high-energy electron diraction (RHEED) experiment, which determines variations in ®lm roughness more directly by means of a scattering experiment. There are fundamental dierences between these two experiments, however. While RHEED measures total ®lm roughness, uniaxial anisotropy is sensitive to the twofold symmetric aspects of morphology and hence tests a partial roughness only.
In this paper, RHEED and in situ magnetooptic Kerr eect measurements have been performed to investigate these dierent aspects of ®lm morphology. Co ®lms have been deposited on Cu(0 0 1) single crystals with varying roughness, and, in particular, Co ®lms with a thin intercalated Cu layer. This latter system has been chosen because minute amounts of Cu have been found to change the sign of the uniaxial magnetic anisotropy [6] and to decorate the Co island edges. Upon subsequent Co deposition, complicated structures form [7] , which are caused by atomic exchange processes [8] . The details of these growth changes are interesting because the symmetry aspects of growth morphology can be tested, but it is also important to understand magnetic anisotropy in Co/Cu/Co structures.
Experimental setup
All samples were prepared by molecular beam epitaxy with a base pressure not exceeding 3 Â 10 À10 mbar. The deposition rates varied between 0.05 1 ML/min for Co and 0.2 1 ML/min for Cu 1 monolayer ML 0:18 nm for both Co and Cu. During growth the Cu(0 0 1) substrate was held at 300 310 K to avoid interdiusion. Two types of experiments have been performed: (i) A sub-ML of Cu was evaporated on top of the Cu(0 0 1) single crystal before Co deposition. (ii) A thin Cu layer was deposited within the Co layer, i.e., after an initial growth of 7 9 ML of Co, the deposition was stopped and an intervening thin layer of up to 3.5 ML Cu was deposited. Subsequently, the growth of the Co layer was continued.
Two dierent setups were used to investigate the growth morphology of these layers. For the structural characterization during growth, a highresolution RHEED system was used, comprising a 35 keV electron gun and a CCD camera with computerized intensity analysis monitoring the phosphorous screen [9] . The incident angle of the electrons was varied between 2°and 5°to obtain results independent of special scattering conditions. This eliminates any in¯uence by scattering under Bragg conditions on the phases of the RHEED oscillations.
In order to determine the fractional ®lling of the top layer at the beginning of the growth, a special method to analyze the RHEED intensity variations was developed. A maximum in intensity corresponds to a ®lm with smallest surface roughness, i.e., a completed monolayer, while a minimum in intensity corresponds to a half-®lled monolayer. In a system with almost perfect layerby-layer growth, as in Co/Cu(0 0 1), additional phase shifts caused by multilayer growth [10] can be neglected. Thus from the occurrence of a RHEED extremum the ®lm thickness can be inferred, as shown schematically in Fig. 1 . In the simplest case, the growth rate is constant and a linear dependence between completed monolayers and deposition time is found (see the dashed line in Fig. 1 ). Experimentally it is found that the rate decreases with time and hence somewhat more complicated functional dependencies have to be considered. Note that this line does not necessarily extrapolate back to the origin: The remaining thickness corresponds to the ®lm roughness prior to deposition as indicated by the sketches. This roughness at deposition start will be called``initial roughness'' of the ®lm. By de®ni-tion, only the fraction between 0 and 1 ML can be determined in this way.
A dierent method is capable of determining uniaxial aspects of growth morphology and partial layer ®lling based on the evaluation of the uniaxial magnetic in-plane anisotropy by measuring magnetic hysteresis loops with the magneto-optic Kerr eect. Co layers are deposited on a Cu single crystal slightly miscut by <0.5°from the (0 0 1) direction. The preferential step direction is aligned with the [1 1 0] direction, which corresponds to the easy magnetization direction of the ultrathin Co ®lms. The uniaxial anisotropy imposed by the steps oscillates with Co ®lm thickness and a periodicity of 1 ML. These oscillations are due to a dierent number of step atoms parallel and perpendicular to the preferential step direction, which oscillates with layer ®lling. This leads to minima and maxima of the uniaxial in-plane anisotropy for completed and half-®lled Co monolayers, respectively. Thus, changes in the uniaxial anisotropy during growth of a Co layer on top of a thin Cu layer give insight into the uniaxial features of growth morphology.
The position of the extrema in magnetic anisotropy have to be determined with great accuracy for a precise determination of growth changes upon sub-ML Cu deposition. In our setup magnetic hysteresis loops can be measured during growth of the Co ®lm. However, for the deposition of a Cu interlayer the sample has to be moved and is then repositioned as closely as possible to the original location for subsequent Co growth. Film thickness in this experimental setup is not perfectly homogeneous and has been found to vary by 5% across the sample, which is too large for the experimental precision we aim to achieve. Therefore, a dual-beam magneto-optic Kerr eect setup was used to avoid such systematic errors. The laser beam was split into two beams, which were reected from dierent areas of the sample. Only half of the sample was covered with the Cu interlayer, while the rest was kept Cu-free for reference purposes. The Kerr signals of both areas were acquired simultaneously during Co deposition. After correction for the 5% dierence in Co ®lm thickness, a possible shift of the magnetic anisotropy oscillations between the Cu covered part and the reference part of the sample can be measured with an accuracy of better than 0.1 ML. The evaluation of this phase shift has been done in close analogy to the RHEED analysis outlined above: To increase precision, the position of several consecutive anisotropy oscillation extrema has been determined and ®tted.
RHEED investigations
In a ®rst experiment, a sub-ML coverage of Cu was evaporated on top of a Cu(0 0 1) single crystal, leading to a well-de®ned initial layer ®lling. A drop in the RHEED intensity, corresponding to 0.55 ML Cu, was observed in Fig. 2(a) . Subsequently Co was deposited showing RHEED intensity oscillations indicative of layer-by-layer growth [3, 11] . With the method illustrated in Fig. 1 , an initial roughness of 0.37 ML was found (see Fig. 2(b) ).
Following layer ®lling arguments [10] , the ®rst maximum of the RHEED intensity is reached when the total ®lm thickness (Co and sub-ML Cu) corresponds to one complete ML. On the other hand, RHEED intensity oscillations of Co grown on well-prepared Cu(0 0 1) [9] are much more pronounced than in the case of Co deposited on an initial sub-ML coverage of Cu. In the latter case, the RHEED intensity never reaches its initial value (see Fig. 2(a) ), indicating a residual roughness during the whole ®lm deposition. The same experiment and analysis have been repeated for various Cu coverages. The initial roughness corresponds within experimental error to the actual sub-ML Cu coverage (see Fig. 2(c) ). Thus, in this experiment the RHEED intensity oscillations are a measure of layer ®lling during growth.
In a second experiment, thin Cu layers were deposited within the Co ®lm. Scanning tunneling microscopy (STM) investigations have shown that these sub-ML Cu coverages aect the subsequent Co growth drastically [7] . Cu atoms decorate the existing Co island edges of the Co ®lm. Upon subsequent Co deposition, the Co adatoms penetrate the Cu rings. This behavior can be explained by the larger binding energy between Co and Co compared to Co and Cu [8] which favors the clustering of Co into compact islands. Dierent island shapes and new pinning sites for the Co adatom diusion are the result [8] . Hence the growth of the second Co layer on sub-ML Cu is very dierent from the growth of Co on Co or Co on the Cu substrate.
The experimental results for Co/Cu(0.3 ML)/ Co(7.2 ML)/Cu(0 0 1) are shown in Fig. 3(a) . A fractional layer ®lling of the ®rst Co ®lm was chosen in order to provide Co islands on the surface for subsequent sub-ML Cu growth. During deposition of the ®rst Co layer pronounced RHEED intensity oscillations were found as expected for layer-by-layer growth. Then 0.3 ML Cu were evaporated, followed by Co deposition. The overall shape of the RHEED intensity curve in Fig. 3(a) indicates that the growth mode is modi®ed in the ®rst few layers but subsequently recovers. STM experiments have shown that Co and Cu intermix in the ®rst few layers [7] . Applying the procedure outlined above, the initial roughness for the second Co ®lm is estimated to be 0.24 ML. We note that for this evaluation it is not important whether the overall shape changes in the ®rst few layers, but that after deposition of many layers the RHEED intensity oscillates regularly. Fig. 3(b) summarizes the results for two sets of data. Different sub-ML coverages of Cu were deposited on a 7.2 ML (full symbols) and 7.5 ML (open symbols) thick Co ®lm. For all samples, the initial ®lm roughness as determined by the RHEED analysis was plotted as a function of the fractional underlayer thickness, i.e., the sum of the ®rst fractional Co layer and the sub-ML Cu. If only layer ®lling arguments apply, all data should reproduce the angle bisector (solid line). However, all experimental data are below this line. For both initial Co ®lm thicknesses the extrapolated initial roughnesses do not coincide with the underlayer thickness. However, the data are well described if the angle bisector is shifted by 0.2 ML (dashed line) and 0.5 ML (dotted line) in the case of a Co underlayer thickness of 7.2 and 7.5 ML, respectively. This means that the RHEED intensity extrema in the second Co deposition are sensitive to the sub-ML coverage of Cu, but not of the ®rst Co ®lm. In other words, during the growth of the multilayer, the surface never gets¯atter than the roughness imposed by the underlying Co layer. The surface alloying and demixing between Co and Cu might lead to new nucleation centers and a structural reorganization of the islands. With increasing thickness, these new islands grow and coalesce, but the roughness of the underlayer is conserved.
Kerr eect investigations
In the preceding paragraph it was shown that the RHEED intensity oscillations are primarily sensitive to the total surface roughness. Given that the magnetic anisotropy oscillations [5, 12] are a measure of the dierent number of step atoms along and perpendicular to the preferential step direction, these oscillations are not a measure of the surface roughness as a whole, but rather of the special surface morphology given by the asymmetry of the step arrangement.
In a ®rst experiment, 0.7 ML Cu were deposited on half of the stepped Cu(0 0 1) substrate. During the subsequent Co growth, magnetic hysteresis loops along the [1 1 0] direction, i.e., perpendicular to the step edges, were measured by magneto-optic Kerr eect simultaneously on both halves of the sample. These loops comprise two single loops displaced against each other and are the typical signature of a hysteresis loop along the intermediate axis (see inset of Fig. 4 ). The shift is given by the uniaxial anisotropy ®eld H s and is a measure of the step-induced uniaxial in-plane anisotropy [12] . Fig.  4 shows that H s oscillates with Co ®lm thickness with a period of 1 ML [5] , on both halves of the Cu substrate. In particular, the position of the anisotropy oscillation extrema is identical and thus is not in¯uenced by the sub-ML of Cu. The amplitude of the oscillations, on the other hand, is somewhat reduced on the Cu-covered part of the sample.
In a second set of experiments, the in¯uence of Cu layers deposited within the Co ®lm was investigated. Again, H s oscillates on both parts of the sample as a function of Co layer thickness for the initial Co deposition (see Fig. 5 ). After 8.2 ML Co the deposition was stopped and a 0.7 ML thick Cu layer was deposited on half of the sample. This led to an exchange of easy and hard axes of the uniaxial in-plane anisotropy [6] , with H s changing sign correspondingly. Subsequent deposition of Co reestablished the original easy and hard axes and H s became positive again. On both halves of the sample, H s oscillations as a function of the Co thickness were observed. However, a phase shift was observed between the oscillations of the pure Co ®lm and those on the ®lm comprising a Cu interlayer: The maxima were displaced by 0.6 ML. Note that this phase shift is close to the Cu interlayer thickness.
For a quantitative determination of the relation between observed phase shift and Cu interlayer thickness, Co/Cu/Co structures with dierent Cu interlayers were grown. The results are summarized in Fig. 6 . Excellent agreement between the phase shift and the Cu interlayer thickness was found. The underlying Co ®lm thickness was varied from 6.1 to 8.9 ML and covered a range of fractional thicknesses. Thus we conclude that in this experiment the magnetic anisotropy oscillations are governed by the total ®lm thickness. In contrast to the RHEED investigations the underlying fractional Co layer is important for the position of the oscillation extrema.
Discussion and conclusions
What do we learn about the growth mode of the Co/Cu system from these RHEED and Kerr eect experiments?
Scattering amplitudes and phases for Co and Cu are very similar, and hence the simple picture should hold in which Co and Cu atoms are indistinguishable in a RHEED experiment [13, 14] . Indeed, the RHEED intensity oscillates for Co grown on a sub-ML Cu on Cu(0 0 1) with the total ®lm thickness deposited rather than the Co thickness alone. The RHEED intensity maxima for the second set of experiments, however, require a more detailed analysis. The positions are independent of the thickness of the Co layer underneath the Cu interlayer. Moreover, they are located at integer monolayers of the combined total thickness of top Co ®lm and Cu interlayer. This means that for the extremum positions in RHEED the bottom Co layer is``invisible'', even though a fractional coverage of this Co layer forms islands before Cu deposition. The simple picture that the layers ®ll up, irrespective of whether the atomic species is Co or Cu, is thus not valid. We rather have to conclude that the roughness of the multilayer structure can never become smaller than the roughness imposed by the bottom Co layer, which is then the new starting point for the RHEED intensity oscillations.
Both these observations lead us to the following model for Co/Cu growth: Growth of Cu on the Cu(0 0 1) single crystal proceeds by the nucleation of islands. Subsequent Co deposition ®lls the remaining voids between the islands. Initial intermixing between Co and Cu as seen by STM [7] does not in¯uence the position of the intensity maxima in RHEED experiments. Growth of a Cu interlayer on top of a Co ®lm is dominated by a large diusion length and an energy barrier for step-down processes. This means that the edges of the existing Co islands are decorated by Cu atoms and that a new Cu nucleus appears on top of each Co island [7] . Subsequent growth of Co leads to strong intermixing between Co and Cu and even to a structural reorganization of the islands. With increasing Co thickness, new islands develop at the Cu nuclei. When they coalesce, the roughness imposed by the Co underlayer is preserved.
The oscillations in uniaxial anisotropy as seen in the Kerr eect measurements are due to the anisotropy contribution from the Co step edge atoms. More precisely, the dierence between total step length parallel and perpendicular to the step edges oscillates with the ®lling of the top Co layer. This means that the uniaxial anisotropy is a measure of the twofold part of the ®lm morphology.
The ®rst experiment, in which Co has been grown on a sub-ML Cu layer on the miscut Cu(0 0 1) single crystal, shows that the position of the oscillation extrema are unaected by the presence of the Cu layer. This means that the dierence between step length parallel and perpendicular to the step edges is not in¯uenced by the Cu layer.
In the experiments with the thin Cu interlayer, on the other hand, the uniaxial anisotropy behaves dierently. Here the position of the oscillation extrema is determined by the total thickness of both Co and Cu, and the simple model of layer ®lling seems valid again. This means that the growth morphology of both Cu on the Co underlayer and subsequently of Co on Cu preserves the oscillatory imbalance of the number of step atoms along and perpendicular to the preferential step direction.
We can combine the insight into growth morphology from the magnetic measurements with the growth model based on RHEED and STM results given above. We conclude that Cu islands grown on Cu(0 0 1) have a fourfold symmetric shape and hence escape a uniaxial magnetic anisotropy measurement. The situation is completely dierent for the growth of Co on top of a Cu interlayer on Co/Cu(0 0 1). While we have seen that the overall roughness as seen by RHEED is dominated by the new nucleation sites on top of the pre-existing Co islands, the uniaxial contribution given by the step length dierence is preserved. Thus, the newly nucleated islands have fourfold symmetry. Hence we conclude that the uniaxial contribution in the Co/Cu system does not come from the islands on terraces, but rather from the growth mode at and near the original steps given by the miscut of the substrate. At the upper terrace near a step edge, Cu islands do not nucleate because Cu atoms can diuse away into the terrace and ®nd a pre-existing step edge for decoration. At the lower terrace, Cu atoms decorate the steps. Further Co deposition then proceeds as described above. The pre-existing steps thus change their morphology in an oscillatory manner during growth without being aected by additional Cu nucleation on Co islands on the terraces. Therefore, the uniaxial anisotropy oscillations are governed by the total ®lm thickness, while the positions of the RHEED maxima are determined by that part of the ®lm which has been evaporated after the Cu nuclei induce a change in ®lm morphology.
In conclusion, structural aspects of Co ®lms and Co/Cu/Co multilayers grown on Cu(0 0 1) single crystals have been investigated by RHEED and magneto-optical Kerr eect. The positional changes of the intensity oscillations in RHEED and of the uniaxial step anisotropy oscillations have been analyzed, and a growth model has been put forward which supports and extends the earlier STM observations. In particular, the dierent role played by Co atoms at island edges as compared to those at pre-existing steps has been elucidated.
There are further aspects which could give insight at an even more detailed level which goes beyond the scope of this work. The H s oscillations, for instance, are not equidistant for small Co thicknesses right after the Cu interlayer has been grown, i.e., between 8.5 and 10.5 ML in Fig. 5 . We have not analyzed this part of the curve for the present study, because the overall shape of the H s curve at these thicknesses varies strongly. These nonmonotonous changes oer the possibility to investigate the in¯uence of the Co Cu intermixing on magnetic anisotropy in the Co/Cu system. Such a study is not possible for a single Co ®lm deposited on a Cu(0 0 1) substrate, because these layers only become magnetic at 91.6 ML. Depositing Co on Cu with an underlying magnetic Co layer, however, creates Co ®lms of sub-ML thickness which are already ferromagnetic by exchange coupling to the underlayer, and hence possess all features of magnetic long-range order such as anisotropy.
